Ferroelectric switching in thin films is a local process strongly influenced by the presence and spatial distribution of defects such as dislocations, grain boundaries and preexisting domains. Preexisting ferroelastic domains have been shown to inhibit 180° switching in (001)-oriented epitaxial Pb(Zr 0.2 ,Ti 0.8 )O 3 (PZT) films, but ferroelectric switching pathways around these domains remain unclear.
Introduction
Complete switching of a polarization state is critical to a number of applications for ferroelectric thin films. Typical epitaxial thin films contain myriad domains each with an individual polarization state that are separated by domain walls with intermediate polarization.
Reorienting the polarization in a ferroelectric crystal generally requires significant motion of these domain wall and a reduced switchable component of the polarization has been observed in systems with only limited domain wall mobility. [1] In perovskite ferroelectric thin films 180° domain wall motion has been widely reported to be inhibited by the existence of various defects in a film such as dislocations, [2] [3] [4] free charge carriers, [5] [6] [7] grain boundaries, [8] or preexisting ferroelastic domains, [9] which are able to locally pin domain walls through elastic and electrostatic interactions or screening of applied electric fields. With recent advancements in the quality of epitaxial thin films, however, concentrations of many of these defects can be reduced or eliminated in epitaxial Pb(Zr 0.2 ,Ti 0.8 )O 3 (PZT) thin films. Above a critical thickness of about 100 nm, however, ferroelastic domains with a polarization rotated by 90° form dense domain structures to reduce elastic coherency strain in the film. [10, 11] Due to the strong elastic driving force for formation of ferroelastic domains, this type of defect is difficult to avoid during film fabrication. As a result, understanding the ferroelectric switching behavior of ferroelastic domains in thin films is essential to the development of ferroelectrics for microelectronic applications.
Several studies have shown ferroelastic domains play critical roles in polarization switching in epitaxial PZT thin films. [1, 10, [12] [13] [14] [15] [16] [17] Preexisting ferroelastic domains are often immobile in constrained thin films [3, 9, 18] and inhibit complete ferroelectric switching when a film is poled. [10, 12, 13] Therefore, substantial increases in the remnant polarization and Page 3 dielectric response can be achieved by increasing the mobility of these domains [1, 15, 16] or removing them entirely. [19] Internal ferroelastic domains have also been reported to degrade performance of ferroelectric devices by decreasing the stability of switched domains and rapid back-switching of written domains to the original domain configuration has been observed to begin near ferroelastic domain walls in PZT thin films. [17] The mechanism by which preexisting ferroelastic domains inhibit 180° switching and reduce the stability of written domain structures in PZT thin films remains unclear, however.
Several studies have suggested that trapping of point defect dipoles around ferroelastic domains creates a built-in electric field that reduces the coercive field to back switching. [7, 19, 20] Quenching a random dipole structure in BiFeO 3 thin films, for instance, has been shown to reduce back switching of ferroelectric domain structures. [7, 16] Defect-induced dipoles, however, may not exist in high densities in annealed thin films with low concentrations of oxygen vacancies. Other studies have indicated that back switching around 90° domain structures in tetragonal PZT is the result of depolarization fields created by incomplete switching of preexisting ferroelastic domains. [17, 21] These depolarization fields were thought to be created by the formation of charged 90° domain walls between switched domains and preexisting ferroelastic domain walls. No charged domain walls, however, were directly observed in these studies since only surface sensitive techniques were used.
To overcome this limitation Gao, et al [12] used high resolution transmission electron microscopy to observe in situ ferroelectric switching around an embedded ferroelastic domain.
In contrast to previous results, charged 90° domain walls formed during the switching process were found to remain stable once the applied electric field was removed. Tan and Shang [22] showed similar charged 90° domain walls between ferroelastic domains were created by the Page 4 intersection of ferroelastic domain during switching of PMN-PT bulk crystals. These systems, however, appeared to be influenced by local dislocations noted in both studies. Tan and Shang, in particular, directly observed the creation of partial dislocations at the charged interface. Once stabilized by dislocations, the charged interfaces did not immediately revert to the original domain structure in the thin film. Ferroelectric switching behaviors in these films are clearly dependent on creation of charged 90° interfaces, but switching near ferroelastic domains in thin films free of dislocations remains poorly understood.
In this manuscript we report on phase field modeling and high resolution transmission electron microscopy of switching around an embedded ferroelastic domain in a Pb(Zr 0.2 ,Ti 0.8 )O 3 epitaxial thin film using an inhomogeneous electric field generated by a local probe. Formation of transient charged domain walls at preexisting ferroelastic domains is observed during ferroelectric switching around an immobile ferroelastic domain. These charged domain walls are found to persist over a range of applied biases even without local dislocations, inhibiting complete switching through the thickness of the film at small applied electrical biases. The relative stability of charged 90° domain walls during switching is demonstrated to be the result of a reduction in local depolarization electric field at the domain wall associated with broadening of the charge distribution at the interface, which reduces the electrostatic energy and results in a partially stabilized domain wall. These results help explain back switching caused by incompletely switched 90° domains [17] and have implications for the role high-energy, charged domain interfaces have in the switching dynamics of ferroelectric thin films. Page 5
Simulation Method
Evolution of the ferroelectric domain structures during switching was modeled in an epitaxial, (001)-oriented Pb(Zr 0.2 ,Ti 0.8 )O 3 thin film using the phase field approach. [23] [24] [25] Polar domains in the system were described using a continuous vector field representing the three principal components of polarization in the system. Evolution of this vector field with time, t, during ferroelectric switching was modeled by solving the time dependent Ginzburg-Landau equations [24, 26, 27] = − , 1
which evolve the components of the polarization, P i , toward the minimum in the free energy of the thin film, F, with respect to the distribution of polarization in the film. In Equation 1 L is a kinetic coefficient related to the domain wall mobility of the system. Ferroelectric domain structures were modeled in a coherent thin film on a thick substrate that was allowed to relax for a short distance beneath the thin film. [27] Allowing the substrate to partially relax is necessary to accommodate the domain structure in the thin film. A short distance from the film interface, the substrate was assumed to reach a bulk, unperturbed state. The system was also assumed to be much larger in lateral extent than in thickness and as a result periodic boundary conditions were used in the two in-plane directions while specific boundary conditions were used in the outof-plane direction.
Total free energy in Equation 1 consists of four contributions, the bulk free energy, f bulk ;
the gradient energy, f gradient ; the electrostatic interaction energy, f electric ; and the elastic interaction energy, f elastic , integrated over the volume of the film, V:
The bulk free energy density was used to describe the local energy of the stress free crystal using the sixth order Landau polynomial
with the phenomenological coefficients α i , β ij , and γ ijk measured by Haun, et al. [28] Repeated indices in Equation 3 indicate summation over the repeated indices. For simplicity the gradient energy was assumed to be isotropic, [29, 30] leading to the expression for gradient energy of
Interactions between bound charges in the system lead to the electrostatic energy density Elastic strain energy introduced by the spontaneous deformation associated with the ferroelectric transition was described using the expression [27, 34] Page 7
where is the total local strain in the thin film and 0 is the spontaneous non-elastic strain due to the ferroelectric transformation. The spontaneous strain is related to the electrostrictive effect in the ferroelectric and is defined as a function of the spontaneous polarization as [35] 
where is the electrostrictive coefficient tensor. [28] Both total strain and spontaneous strain are defined with the cubic paraelectric phase as a reference. Strain fields created by spontaneous deformations in the system were found by solving the mechanical equilibrium equations ( − 0 ) = 0 where is the elastic stiffness tensor. [23, 27] To model the coherent thin film the out of plane components of the stress were assumed to be zero at the top surface of the thin film while the mechanical displacement was assumed to be zero at the bottom of the substrate volume included in the simulation. Solution of the mechanical equilibrium problem in thin films is described in more depth in previous publications. [24, 27] The ferroelectric thin film was modeled on a discrete grid of size 256∆ × 48∆ × 128∆ with a regular spacing between grid points, ∆, of 1.0 nm. Film thickness was assumed to be 96 nm with a 14 nm thickness of substrate allowed to elastically relax. This substrate thickness has been shown to be sufficiently large to ensure the elastic constraints on the substrate imposed by the boundary conditions do not significantly alter the domain structure in the ferroelectric thin film. [27] An average compressive strain of -0.7% was assumed to be applied by the substrate to represent partial relaxation of the compressive coherency strain imposed on a PZT thin film by a single crystal perovskite substrate, such as SrTiO 3 or DyScO 3 , through misfit dislocation Page 8 formation at the interface. [36] Strain fields around these dislocations, however, were not explicitly considered in the model for simplicity.
Distributions of the polarization components in the system were evolved by solving Equation 1 using the semi-implicit Fourier-Spectral method described in References [25, 27, 37] with the thin film boundary conditions described above. For the solution the gradient energy coefficient, G ij , in Equation 4 was assumed to be 9.0x10 -11 N m 4 C -2 , which produced a 90° domain wall width of 1 -2 nm and was in reasonable agreement with experimental observations. [12, 38, 39] A time step of ∆ / 0 = 0.01 was used, where 0 = ( | | =25° ) −1 , that ensured the system remained stable, but was large enough to allow the domain structure to quickly evolve toward equilibrium. To simulate switching around an isolated ferroelastic domain in a film with the polarization primarily out of the plane of the film and a single ferroelastic domain with the polarization in the plane of the film was considered. This domain structure was evolved with no applied potential until equilibrium was reached. The stable domain configuration is shown schematically in Figure 1a .
Results
Dynamic switching behavior around an embedded ferroelastic domain was modeled with an applied electric field created by fixing the applied potential at the top surface of the thin film while the potential at the bottom surface was held at zero. Here, a Lorentz-like distribution of the applied potential, , with the form [40] = 0 2 2 + 2 7 was used to model switching under a small electrode tip (see Figure 1a ). In Equation 7 r describes the distance between the center of the applied potential distribution and a point on the Page 9 thin film surface and γ describes the width of the applied potential distribution that was assumed to have a value of 10.0 nm. Initial stages of switching were simulated through application of a potential at the top surface of the thin film that increased from 0 V to 3.0 V in increments of 37 mV. This small increment was chosen to ensure the potential in the system changed smoothly.
Phase field simulations show ferroelectric switching occurs directly underneath the electrode where the electric field is strongest (Figure 1) , not near the ferroelastic domain wall, which has been reported to behave as a heterogeneous nucleation site for local switching. [40] Initial growth of the switched region occurred through elongation of the needle shaped domain with little lateral expansion in order to minimize the bound charge around the new domain.
Once the [001 �] domain reached the stationary ferroelastic domain, however, rapid forward growth was arrested by the formation of a positively charged head-to-head domain wall with the existing [1 � 00] ferroelastic domain. This stationary ferroelastic domain acted as a persistent obstacle to continued forward switching through the film and the charged domain wall was observed to be stable over a small range of biases. Continued switching through the thickness of the thin film either by removal of the ferroelastic domain [15] or 180° switching of the ferroelastic domain [12] was not observed here at moderate biases. Rather, at moderate biases ferroelectric switching in the thin film continued by lateral growth of the switched domain as the applied bias was increased, expanding the interfacial area of the charged domain wall interface.
Previous work has shown that saw-tooth domain structures with interlaced fingers of
[001] and [100] domains form to reduce the charge at the interface. This structure has been reported to locally establish more nearly head-to-tail domain walls and distribute the total bound charge in the system. [9] Here, however, the head-to-head interface appears to remain straight, likely due to the high gradient energy that would be associated with forming a saw-tooth domain To investigate changes to the domain wall structure around the head-to-head charged domain wall, the magnitude of the polarization and projection of the polarization onto the plane directly beneath the electrode were calculated and are shown in Figure 2 . Figure 2a shows that prior to formation of the head-to-head domain wall both 90° ferroelastic domain walls in the system are sharp and the transition between the [001] and [1 � 00] domains occurs over 1 -2 nm with the polarization perpendicular to the domain wall plane at the center of the wall. This transition over a small number of unit cells is consistent with experimental observations of similar domain walls in PZT thin films. [38, 39, 42] Once the head-to-head domain wall forms, however, the structure of the 90° ferroelastic domain wall in the simulation becomes more diffuse than the surrounding head-to-tail ferroelastic domain walls (Figure 2b ). Expanded views of both the charged head-to-head and uncharged head-to-tail domain wall structures are shown in Figures 2c and 2d , respectively. The structure of the head-to-tail domain wall remains unchanged during switching at moderate applied electric fields. In contrast, the polarization direction in the head-to-head domain wall rotates gradually between [001 �] and [1 � 00] polarizations so that the polarization at the center of the domain wall is along the unit cell body Page 11 and diagonal and is parallel to the domain wall plane. This transition is also seen to occur over a diffuse domain wall region.
Line traces across the domain wall of the polarization components normal and transverse to the domain wall plane show that the component of the polarization transverse to the domain wall remains nearly constant across the charged head-to-head 90° domain wall while the normal component changes sign across the domain boundary (Figure 2e ). Only a slight increase in the magnitude of the transverse polarization is also observed across the charged boundary so that the net magnitude of the polarization decreases less dramatically at the charged domain wall than the charge neutral domain walls, suggesting that the polarization rotated to along the body diagonal of the unit cell is a lower energy configuration than a suppressed or randomized polarization state. Similarly rotated polarization has been previously observed in constrained, tetragonal PZT thin films, [43, 44] clearly showing that the [101] state is an energetically accessible polarization in some thin films. Transition between the domains on either side of the charged wall occurs over a distance of 5 -6 nm, which corresponds to approximately 10 -12 unit cells. [45] The polarization distribution observed at the charged 90° domain wall is considerably different from predicted equilibrium domain structures where a constant normal polarization component is required to produce a charge neutral domain wall. Similarly diffuse transitions regions between domains that form charged domain walls have been reported in high resolution transmission electron microscopy (HRTEM) of charged domain walls either in as-grown thin films [38] or that form during ferroelastic switching. [9, 12] We validated the results of our simulations with high resolution transmission electron microscopy (HRTEM) of in-situ domain switching in PZT 20/80 thin films similar to the simulation system. Thin epitaxial film samples for microscopy were prepared on well lattice- Page 12 matched DyScO 3 substrates using a 90° off-axis sputtering thin film growth method as described in our previous publications. [2, 12, 44] Prior to depositing a PZT thin film a 20 nm thickness of Electric fields were applied to study in-situ switching behavior of the ferroelectric domains using a custom tungsten-tip to act as a mobile electrode. [12] The observed domain structure of this film was a mixture of out-of-plane and in-plane oriented ferroelastic domains similar to the simulation system (Figure 3a. ) However, the out-ofplane polarization in some films studied was switched to down, rather than up. This was likely the result of built-in biases in the film due to electronic contacts and adsorbed surface ions. As a result, negative, rather than positive, biases were applied to induce switching in the thin film.
This did not appear to qualitatively change switching behavior of domains in the thin films around embedded ferroelastic domains as evidenced by similar behavior between the simulations and thin films. Despite the significant electrostatic charges associated with this domain structure, this structure Page 13 was stable for several minutes once the applied bias was removed, indicating an additional stabilization mechanism at the domain wall. Mapping of the polarization structure in a high resolution image of the charged boundary using the observed lattice plane spacing, as discussed in previous publications, [12, 46] As stress around the ferroelastic domain is seen to play such a critical role in the formation of the diffuse charged 90° domain wall it is worth considering the impact of changing Page 16 the overall stress state of the thin film. This can be accomplished either by releasing the substrate through various patterning techniques [1, 48] or through growing the film sufficiently thick that most or all of the coherency strain in the film is released. [49] Average strain in a thin film can be approximated using the domain fraction and average stress in each domain ̅ = ( − 0 ) + ( − 0 ) [50] where a c and a a are the longer and shorter lattice constants of tetragonal PZT, a 0 is the lattice constant of the substrate, and f a and f c are the respective fraction of the domain in the film. Through changing domain fractions in PZT films average strain in the thin film is adjusted toward zero. This two domain mixture is stable room temperature over coherency strains between roughly 0.8% and -0.8%. Within this range making the coherency strain less negative leads to an increase in the domain fraction that may [27] eliminate a nearly all of the average strains in the film. [50] Modifying the compressive strains in the film by reducing or eliminating the coherency strain changes the domain fraction in the system, however, will not change the local strain states around the charged head-to-head domain wall. These local mechanical strains are seen to develop as a consequence of the interactions between local bound charges and mechanical stresses in the ferroelectric rather than as a result of a change or removal of the coherency strain or surface constraint. Consequently, the switching pathway described here is likely to be observed around isolated ferroelastic domains for a wide range of mechanical constraints applied to the film.
While the switching path and formation of a diffuse charged interface are in good agreement with previously reported results, a different domain structure was observed in the diffusion interface. In contrast to previous results showing the charged 90° interface was stabilized by formation of a broad region described as a glassy dipole structure with many randomly oriented micro-domains each with only a few unit cells in extent [12] in this simulation Page 17 the polarization changed orientation smoothly and remained nearly constant in magnitude across the interface. The more ordered structure observed in the simulation is likely a lower energy structure than the glassy dipole structure since rapid random changes in the polarization direction are avoided. This eliminates the elevated concentration of high energy domain wall-like interfaces present in the glassy dipole structure. In fact, both simulations [43] and HRTEM observations of static charged 90° interfaces in PZT thin film in Figure 3 and Refs. [38, 44] also observed rotations in the polarization distribution to the body diagonal at the interface rather than formation of a disordered dipole region. This suggests that the glassy dipole region is only accessible at certain conditions far from the near equilibrium conditions in the simulation. For instance, formation of a glassy dipole region may occur when the polarization is rapidly switched, kinetically hindering the ability of the system to form a charged domain wall with a smoothly changing polarization. When the 90° is free to approach the lowest energy state, however, as in phase field simulations and at quasi-static domain walls, the 90° charged interface observed here is likely preferred.
We next investigated the stability of the charged domain wall to back switching since these charged domain walls are implicated in the instability of written domain structures in PZT films. When the applied electric field was removed the charged domain wall gradually switched back to the original domain configuration, as shown in Figure 6 . As the domain structure relaxed, the switched domain was observed to shrink in lateral extent and preserve the charged domain wall until the switched domain was nearly removed. As a result, it is concluded that the broadened wall created during switching is intrinsically not stable without the applied electric field. This behavior is likely due to the reduced electrostatic energy density (Figure 4 ) and increased stresses around the charged 90° domain wall. Formation of a charged 180° domain Page 18 wall created by directly removing the charged 90° domain wall would require formation of strong depolarizing electric fields during back switching. Rather, back switching appears to be driven by reduction of the elastic stresses created by the broad domain wall around the switched domain. Figure 6 shows the domain retreats from the edge of the charged domain wall where the stresses σ 11 and σ 33 were found to be largest ( Figure 5 ), indicating elastic stress reduction is most likely the primary driving force for polarization back switching at charged domain walls.
Persistent charged 90° domain walls that have been previously reported [12] and observed in this study were likely stabilized by elastic stress fields around defects such as oxygen vacancies or internal dislocations, [51, 52] which have been shown to inhibit domain wall motion [2, 3] and could reasonably compensate for stresses around the charged domain wall.
Measuring the defect concentration near the domain boundary, however, was beyond the scope of this study. Point defects such as oxygen vacancies, however, have been reported to occur with charged domain walls and screen local bound charges, further increasing the stability of the charged domain wall. [52] Without a similar stabilization mechanism present in the simulation, however, back switching readily occurred at the charged ferroelastic domain walls. This tendency for back switching without an additional stabilizer may explain previously reported instability of written domain structures in PZT thin films. [17] Ferroelectric switching through the preexisting ferroelastic domain continued only at higher applied biases via 180° switching of the ferroelastic domain in the phase field simulation, as shown in Figure 7 . These results show that immobile ferroelastic domain walls strongly inhibit motion of 180° ferroelectric domain walls through the system, in agreement with previous experimental results. [9, 12, 13, 17] As the applied bias was increased, however, the depolarization field at the upper edge of the charged 90° domain wall increased until local Page 19 nucleation of a switched ferroelastic [1 � 00] domain occurred (Figure 7a) Figure 7b ). Further switching occurred by coupled lateral expansion of the [100] and [001 �] domains to the free surface of the thin film ( Figure 7c ). Continued 180° switching through the film required nucleation of a new [001 �] domain at a higher bias that then extended vertically through the thin film with limited lateral expansion of the domain (Figure 7d ).
Switching is not observed to occur by nucleation of [001 �] domains on either side of the ferroelastic domain followed by 180° switching of the ferroelastic domain in the simulation as has been previously suggested. [9] This clearly shows that throughout the system ferroelastic domain boundaries inhibit 180° domain wall motion and readily form partially stabilized charged interfaces.
The polarization distribution around the charged domain walls formed during 180° switching of the [1 � 00] ferroelastic domain is shown in Figure 8 . Similar switching pathways were observed during in-situ switching in the prepared PZT thin films. Figure 9 shows the continuation of ferroelectric switching after formation of the charged domain interface (Figure 3 ). At larger applied potentials switching occurred rapidly from the [ applied potential is increased to 4.4 V the [100] expands to the free surface of the thin film. (d) When the applied potential is increased to 7.4 V a [001 �] domain is nucleated and grows. 
